Subtle balance of inter-and intramolecular hydrogen bond strength in aqueous solutions often governs the structure and dynamics of molecular species used as potential drugs and in supramolecular applications. In silico molecular dynamics study of water solution of manzamine A has been performed with different atomic charges in order to investigate the influence of charge distribution choice on predicting qualitative and quantitative features of the simulated systems. Various well known charge schemes (MK-ESP, RESP, Mulliken, AM1-BCC, Gasteiger-Hückel, Gasteiger-Marsili, MMFF94, and Dynamic Electronegativity Relaxation -DENR) led to qualitatively different pictures of dynamic behavior of the intramolecular hydrogen bond. The reported calculation framework represents a relatively rare case where differences in charge distributions lead to noticeable differences in simulated properties, thus providing a useful test case for force field and charge distribution development, provided high quality experiments are conducted to use as references.
Nature has always been a source of scientific and technical inspiration for humans due to versatility, reliability and simplicity of solutions it provides for very intricate, multiscale and multipurpose tasks it had had to solve. Thus for humans Nature is by definition interdisciplinary. Accordingly, the study of a natural product manzamine A in the course of our drug discovery research [1] has led to the observation allowing us to differentiate, understand and improve partial atomic charges distributions, the latter being our long term objective.
Manzamine A (Figure 1 ) is the best known representative of manzamines -alkaloids synthesized in sea sponges by Micromonospora sp. bacteria (М42 strain) (see [2] for review). Manzamine A revealed a broad spectrum of activities such as antiviral, antifungal, antibacterial [3] , and antimalarial [4] ; it also selectively inhibits human protein kinases GSK-3β and CDK-5 involved in multiple pathways of various diseases [5] . Manzamine A possesses a relatively rigid polycyclic framework, which positions hydroxyl group oxygen and tertiary amine nitrogen at distances where formation of intramolecular hydrogen bond is feasible (Figure 1b ).
In the previous study [1] , in which the manzamine A molecule was placed in several putative interaction sites on GSK-3β protein, followed by MD runs, we observed distinct patterns of the intramolecular hydrogen bond dynamics: the bond was either stable or labile. Those differences can both be described by different environments of the molecule and slight differences in AM1-BCC charges calculated separately for each conformer of manzamine A corresponding to the specific starting complex geometry found by docking. It is well accepted that intramolecular hydrogen bonds are more readily formed in a hydrophobic environment [6] . On the contrary, if a hydrogen bond is accessible to a polar solvent, such as water, the strength of the hydrogen bond is hampered by competitive hydrogen bonds formation with solvent donor and acceptor atoms. Thus different lability of the hydrogen bond could be attributed to differences in hydrophobicity of trial interaction sites of the protein, as well as accessibility to water solvent. a b Another source of hydrogen bond lability variations is slight differences in AM1-BCC atomic charges used to set up the molecular dynamics study since the other terms of the force field were not changed. Thorough inspection revealed that the charges differed appreciably for different conformers of the molecule under study. These differences, however small, may have a significant effect when a concurrency in a formation of hydrogen bonds takes place.
The aim of this research thus is to investigate to what extent different charge distributions may affect the results of simulations of the system where intramolecular hydrogen bond formation is feasible. Since the molecular simulations generally do not appear to be very sensitive to the choice of atomic charges (due to the long range nature of electrostatic interactions), the cases, where the differences are pronounced, are a valuable source of information for accurate nonbonded potential development efforts with electrostatic interactions represented with atomic charges.
The starting geometry of the manzamine A molecule was built in the SYBYL 8.0 package [7] and then optimized in Tripos force field to reach the visual correspondence of all torsional angles and ring conformations with those reported in the X-ray crystallographic study by Sakai et al. [8] . This geometry was used throughout the study and is depicted in Figure 1b . A very similar preparation was undertaken in works [3, 4] .
Several widely used charge schemes were employed to derive charges for the manzamine A molecule: MK-ESP [9] (Singh-Merz-Kollman), RESP [10] , AM1-BCC [11] , MULLIKEN (Mulliken population analysis), MMFF94 [12] , Gasteiger-Hückel (GH), and Gasteiger-Marsili (GM) [13] , as well as our DENR [14] (Dynamic Electro-Negativity Relaxation) scheme.
For atomic charges that strongly depend on the geometry of a molecule (MK-ESP, RESP, MULLIKEN) a search was carried out for stable conformers with respect to rotation of the C-C-O-H torsional angle (shown in bold in Figure 1b ) responsible for the intramolecular hydrogen bond. Seven conformers with the torsional angle values of 0, 30, 60, 120, 180, 240, and 300º were subjected to quantum chemical HF/6-31G(d) optimization, which resulted in two distinct geometries (Table 1) corresponding to the conformers with (1) and without (2) the intramolecular hydrogen bond and differing in energy by 6.4 kcal/mol. These two conformers were used separately to derive MULLIKEN charges as well as grids, at which molecular electrostatic potential (MEP) is calculated to derive MK-ESP and RESP charges.
Molecular dynamics experiments were prepared using the same setting for each run (GAFF force field [15] , protocol, starting geometry, octahedral solvation box with 838 TIP3P water molecules) except for atomic charges that differed. Thus, different atomic charges were tested in the same conditions. (See detailed protocol description in Experimental section). To study the dynamic and statistical behavior of the intramolecular hydrogen bond in manzamine A the values of OH---N distance and С-С-O-H torsional angle over the production MD trajectories accumulated for 10 ns were analyzed. Distributions of the values over the trajectories for all charge schemes used are shown in Figure 2 .
One can make several observations based on the results obtained. The charges used in this study lead to qualitatively different distributions, i.e. simulations done in the same conditions predict different relative probabilities to find the system in certain states corresponding to rotation of the hydroxyl group of manzamine A. Despite variations, the predictions fall into three distinct population patterns where: (i) intramolecular hydrogen bond is very stable -DENR, MMFF94, MULLIKEN(36 and -166), and MKESP(36); (ii) the bond is labile -GH, GM; (iii) the bond is relatively labile with biased mean -MKESP(-166), RESP(36) and especially RESP(-166).
Quantum chemically derived charges calculated for different geometries (with and without the intramolecular hydrogen bond) lead to dissimilar population pictures. Whereas the variation for MULLIKEN charges (Figure 2 , panels c and d) is not pronounced, the charges based on electrostatic potential (MK-ESP and RESP) result in qualitatively different distributions: with MK-ESP(36) and RESP(-166) being at extremes, while MK-ESP(-166) and RESP(36) give surprisingly similar distributions. Unless a truly polarizable force field is used, the fixed set of charges is expected to give a reasonable description for every conformer. Thus blind assignment of quantum chemically derived atomic charges in intensive molecular simulations (e.g. docking or electrostatic similarity search) is not only very resource consuming, but also could unpredictably lead to qualitatively different predictions depending on the starting geometry provided, which could hardly be completely controlled in typical settings.
The general charge philosophy of Amber group [15] proposes, where possible, using RESP charges derived to reproduce electrostatic potential calculated at the HF/6-31G(d) level, and AM1-BCC charges in the other cases fitted to reproduce the same level potentials. This level tends to overestimate charge separation in molecules by about 15%, which is roughly the amount of extra charge polarization a molecule is exposed to when transferred from vacuum to a water environment [12] . This trick makes possible the use of classical non-polarizable force fields to simulate species in water environment. Despite the above reasoning, the predicted strength of the intramolecular hydrogen bond in manzamine A seems to be too high for both MULLIKEN and MK-ESP(36) charges. The mean and most probable interatomic N---H distances for these charges are in the range 1.65-1.75Å, which is far shorter than the 2.05Å value predicted by ab initio HF/6-31G(d) calculation ( Table 1 ). The mean and most probable torsional angles for these charges lie in the range 10-14º. AM1-BCC charges lead to similar results: 1.78 and 1.73Å for the distance, and 15 and 10º for the torsional angle, respectively.
A distinct distribution picture is obtained with RESP(-166) charges, for which the intramolecular hydrogen bond does not constitute a significant energetic contribution. This can be explained by the fact that the smallest absolute value of charge (-0.411 compared with the range between -0.579 and -0.817) on the nitrogen acceptor is obtained (except for GM and GH charges). Charges on the hydroxyl oxygen and hydrogen are, on the other hand, much closer to the values for the ones that the other charge schemes predict. Since the oxygen charge in TIP3P water model (-0.834) is significant, it apparently wins the competition for hydrogen bond formation with the hydroxyl hydrogen.
Perhaps the most reasonable picture is predicted with the aim of RESP(36) and MK-ESP(-166) charges, judging by the values of torsional angles and distances (Table 2) , which are the closest to the quantum chemically obtained ones (Table 1) . On the other hand, it is arguable because the quantum chemical calculations model is in a vacuum environment, whereas aqueous media are known to amend relative energetics.
The use of GM and GH charges (Figure 2e and 2f) in current settings is questionable since the absolute values of charges on heteroatoms involved in the hydrogen bond are about half the values for the other charges (see Supporting information for charge values). Since all non-electrostatic terms of the force field are harmonized with larger magnitude (RESP) charges, almost free rotation of the hydroxyl group relative to the nitrogen acceptor is observed, as seen in Figure 2e . For GH charges the seemingly incorrect sign of the torsional angle is obtained ( Two empirical charge schemes MMFF94 and DENR seem to provide the consistent description of the intramolecular hydrogen bond dynamics. The hydrogen bond is formed and it is not excessively stable due to competition with hydrogen bond donors and acceptors from water. It should be noted that parameters of the two schemes were specifically optimized to be compatible with the HF/6-31G(d) electrostatics trick and, therefore, are by definition compatible with the majority of widely used classical force fields, e.g. AMBER and MMFF94. Whereas MMFF94 charge parameters were implicitly optimized for the HF/6-31G(d) electrostatic potential description (via dipole moments fitting), DENR parameters were explicitly optimized to reproduce simultaneously HF/6-31G(d) molecular electrostatic potential around the structures of a diverse training set. An additional benefit is that calculation of both MMFF94 and DENR charges takes only a small fraction of the time required to calculate the quantum chemical charges, which is a serious argument when virtual screening of large chemical structure databases is considered. a) The torsional angle is defined by C6-C7-O22-H57; b) the distance is between atoms N20 and H57. See Supplementary data for details.
Although several water models, such as TIP4P, TIP5P, SPC and others [16] could be used also for the comprehensive research, our study was restricted to the TIP3P model. Any water model that is reasonable and consistent with the description of the other parts of the system being modeled, we believe, would lead to a competitive hydrogen bond formation making the system start to discriminate small differences in intra-and intermolecular potential description.
Summing up, manzamine A is not only a prospective scaffold for drug design studies, but also represents a useful case in which intramolecular hydrogen bond formation is feasible. In aqueous media the subtle competition between manzamine A and water hydrogen bond donors and acceptors is held and the equilibrium population of states, where the intramolecular hydrogen bond is present, is established. Due to this competition the simulation of the dynamic behavior of water solution of manzamine A becomes sensitive to minor changes of the intra-and intermolecular potential description, which can commonly be derived from point atomic charges. To test this hypothesis, a set of molecular dynamics simulations of water solvated manzamine A has been conducted with different atomic charges. Quite different predictions regarding the population and dynamics of the intramolecular hydrogen bond were obtained for the charges used, thus confirming the hypothesis. Since generally (but not always) the simulations are relatively insensitive to the subtle details of electrostatic interaction description due to the choice of atomic charges, the system and the protocol described provide a useful test case for charge calculation schemes and force field development.
To complete the picture, high quality experimental data of aqueous solution manzamine A behavior are required, thus enabling a final judgment on suitability of particular atomic charges to be made, based on the predictions they give.
Experimental
Computational details: The initial model of the manzamine A molecule was built in the SYBYL 8.0 package [7] and then optimized in Tripos force field to reach the visual correspondence of all torsional angles and ring conformations with those reported in the X-ray crystallographic study of manzamine A hydrochloride [8] . The resulting structure is provided in Supplementary data. AMBER 10 package [17] was used to build and simulate molecular dynamics of the system. All quantum chemical calculations were performed in Firefly 7.1 [18] . Both ab initio and MD calculations were conducted on the SKIF MSU "CHEBYSHEV" supercomputer at the Research Computing Center of M.V. Lomonosov Moscow State University. Open Babel [19] software was routinely used at all stages. MK-ESP charges were fitted by means of Firefly package, in which Mulliken population analysis charges were also obtained. RESP charges were derived using respgen and resp programs from AmberTools 1.2 [20] . The SYBYL 8.0 package was used to generate Gasteiger-Hückel, Gasteiger-Marsili, and MMFF94 charges. In-house software was used to generate DENR charges. Trajectory analysis was performed by means of VMD [21] and ptraj from AmberTools 1.2 [20] .
Molecular dynamics simulation protocol:
The manzamine A molecule was solvated in an octahedral periodical box with 838 TIP3P water molecules using the tleap program. The system thus prepared was equilibrated in several steps before the production run. The GAFF force field was employed to describe the manzamine A molecule. In all simulations, nonbonding interaction cutoff was set to 8.0 Å. SHAKE restrictions [22] were also applied to enable 2 fs time step in MD simulations.
AM1-BCC charges were used to conduct the first 3 stages. Then the other charges were inserted into the parameters file and the fourth and fifth stages run starting from the same coordinates and velocities.
1. Energy minimization of the water molecules with 500 cycles of steepest descent followed by 500 cycles of conjugate gradient optimization with the manzamine A molecule coordinates restrained to initial coordinates with harmonic restraint constant of 500 kcal/(mol·Å 2 ).
2. Gradual heating from 0 to 300K using Langevin thermostat with collision frequency of 2 ps -1 for a 50 ps period. During the heating, manzamine A was restrained to initial coordinates with a force constant of 2 kcal/(mol·Å 2 ).
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3. Equilibration of the system density to 1 atm with a relaxation time of 1 ps -1 for a 50 ps period. A Langevin thermostat was used to keep the temperature at 300K with a collision frequency of 2 ps -1 . The coordinates of manzamine A were restrained to initial coordinates with a force constant of 2 kcal/(mol·Å 2 ).
4. Unrestrained equilibration during 500 ps with the above setting of thermo-and barostats.
5. Production run during 10 ns with the same setting as for the fourth stage.
Supplementary data: Manzamine A structure in MOL2 format and all atomic charges used in the study are provided as Supplementary information.
